The value of two heat sum methods, one linear (degree days > 5 °C) and the other curvilinear (period units), were assessed together with calendar days as predictors of the duration of microsporogenesis in seven natural stands of Norway spruce (Picea abies (L.) Karst.) and eleven natural stands of Scots pine (Pinus sylvestris L.). Microsporogenesis was divided into two subperiods: March 19 to tetrads (i.e., the end of meiosis) and tetrads to anthesis. The total period from March 19 to anthesis was also assessed.
Introduction
The progress of many developmental phases in organisms is strongly temperature dependent. Various temperature sum methods have been developed to predict events such as flowering, fruit ripening and the emergence of pests. Simple calendar time has also been used for this purpose.
Although linear heat sum systems, like degree days, have been criticized because they are nonphysiological (for a historical review see Sarvas 1972 , cf. Wang 1960 , these methods are frequently used in botanical studies because of their simplicity. On the other hand, curvilinear regressions of development rate on temperature have been used occasionally in entomological studies (Shelford 1927, Messenger and Flitters 1958) , but only rarely in botanical studies (Sarvas 1972) .
Postmeiotic microsporogenesis from tetrads to anthesis offers a unique opportunity to measure precisely the length of a generative process without the complications caused by a biofix (zero point). In practice, the biofix is more or less arbitrary. The use of a biofix is unavoidable if both ends of a process are not limited by observable events. The first phase of microsporogenesis up to tetrad formation and the total period of microsporogenesis up to anthesis both suffer from the unavoidable use of a biofix.
The aim of this study was to appraise the advantages of using a curvilinear heat sum method rather than a linear heat sum method for estimating developmental intervals during microsporogenesis. In particular, degree days (> 5 °C) and the period unit system of Sarvas (1972) were compared for forecasting the progress of microsporogenesis in Norway spruce (Picea abies (L.) Karst.) and Scots pine (Pinus sylvestris L.). Both heat sum methods were compared to calendar days as timing parameters. The postmeiotic phase of microsporogenesis was given special attention because of the advantage of dispensing with a biofix. The consequences of using a biofix to mark the onset of microsporogenesis were also evaluated. Physiological reasons were sought to explain differences in the predictive accuracy of the parameters.
Materials and methods
Ten to 30 male buds were excised either from each tree or from a population of 10 trees daily, one to six times a day, depending on air temperatures (Luomajoki 1977 (Luomajoki , 1984 . Each sample was handled separately. The buds were bisected longitudinally (one half being discarded), and each half bud was put in fresh fixative containing 9/11 (v/v) glacial acetic acid/absolute ethanol. A pooled squashed sample from 10 to 30 fixed bud halves was subsequently prepared in acetic (or formic) orcein on 4--6 slides. Between 400 and 600 pollen mother cells (PMC) from each pooled squashed sample were inspected under the microscope. The onset of each phase of meiosis was considered a point event.
Because meiotic materials were more scarce than those of anthesis, the study was limited by the meiosis data. The meiosis data had to be adjusted according to the biofix, which was set at March 19 (i.e., the first day of the year with 12 h of sunlight) for the anthesis study (Luomajoki 1993a (Luomajoki , 1993b . Consequently, the period unit heat sum data given by Luomajoki (1984) are not fully comparable with the data used here. For this study, the tetrad stage data were reprocessed (see Figures 2 and 3) . The Scots pine data differed from the earlier published data (n = 43; Luomajoki 1984) by the addition of one data set (Rovaniemi XXIX in 1971; locality 8 in Figure 1) consisting of two observations (each based on a sample of 20 male buds) of the occurrence of the tetrad stage (Table 1) .
The stands for the study of early microsporogenesis were the same as used in earlier anthesis studies (Luomajoki 1993a (Luomajoki , 1993b . Anthesis was measured on site, but male buds were sampled for the assessment of pollen mother cells.
Mature, thinned stands of several hectares were classified as normal stands for pollination (see Sarvas 1962) . Antheses were measured in each stand at tree-top height with one to three self-recording pollen samplers (model Sarvas-Vilska 1963 , see Sarvas 1968 . The mean of daily pollen catches was used when more than one sampler was used. A Fuess (Berlin Steglitz) thermograph was also placed at tree-top height in each stand.
The pollen catch was counted with the aid of a microscope from the recording bands, and the results presented in terms of daily catches of the recorders, catch averages, cumulative sums and cumulative percentages of the pollen catch (Sarvas 1972) . The cumulative percentages were plotted with the Systat/Sygraph computer program (Wilkinson 1990) . The ordinate scale is a Gauss integral with a linear abscissa scale. The abscissa showed the cumulative temperature sum at the end of each day (corresponding to the measurement of the cumulative pollen catch). Because of the effects of secondary pollen on anthesis data (see Luomajoki 1993b), exclusion of points outside the zone from −2 to +1.2 standard deviations was necessary to position the regression line (Figures 2 and 3) . The point of 50% completion of each stage was used as a criterion for attaining a given stage. The 50% point is unbiased by standard deviation. One series of observations of anthesis in Norway spruce was Figure 1 . Localities of stands studied: (1) Bromarv, (2) Eckerö, (3) Tuusula, (4) Jokioinen, (5) Heinola, (6) Punkaharju, (7) Vilppula, (8) Rovaniemi, and (9) Kittilä. (7) 62°04′, 24°29′ 130 190 1965--69 1967--69 rejected because of a minimal pollen catch (Bromarv I in 1968) to avoid bias by secondary pollen from neighboring stands. The nine localities involved in the study are shown in Figure 1. In all, 61 microsporogeneses studied from the biofix (March 19) to 50% anthesis completion were available, and 57 of them were used for a comparison by means of the annual deviations (between predicted and observed day) and by coefficients of variation.
The methods were compared on the basis of days (see Hari and Häkkinen 1991) , but the means of the basic data of the heat sum methods are also shown (see Tables 2--4). The observations made in calendar days were used directly, but for the heat sum methods, the expected heat sum (stand mean) and each observed annual value were compared. For each year of study, the expected heat sum (stand mean) was scanned on the particular stand-specific annual heat sum scale in either direction from the heat sum actually observed to obtain the predicted day. It was necessary to convert the basic data obtained by the heat sum methods to a day basis, because the accumulation of daily heat sums accelerated toward the end of the study period ( Figure 4 ).
Results
Based on estimates of period unit heat sums, the first phase of microsporogenesis in Scots pine (Table 2) from March 19 to 50% tetrad phase completion ( Figure 5 ) was similar in length to the second part from tetrads to anthesis (Table 3) , whereas in Norway spruce, the first phase was only about half the length of the second phase (Tables 2 and 3 ). However, when based on observed duration in calendar days, the second phase was considerably shorter than the first phase in both species (Tables 2 and 3 ). The difference between the two methods was a result of low ambient temperatures during the first phase. Low temperatures during the first phase also explain why the (right) in Norway spruce at Punkaharju, Stand LII. The lines give the 50% completion points (at 0 of ordinate) of the tetrad stage and of anthesis: 50% of the pollen mother cells were in tetrad stage at 1577 period units and 50% of pollen in anthesis at 5244 period units. For anthesis, the central larger squares were used to position the line whereas the smaller ones beyond the limits of −2 to +1.2 standard deviations were excluded (see Luomajoki 1993b for details of the method). The slopes of the lines give the standard deviations (SD) of the two processes. The SD can be read along the line from the abscissa between the 0 and +1 points of the ordinate. As percentages, these points correspond to the 50 and 84.13% points of the scale. The SD of tetrad stage was 204 period units and the SD of anthesis was 414 period units. The dates of 50% completion of the tetrad and anthesis phases were May 10 and June 2, respectively. The calendar day scale is a uniform variable, unchanged from day to day. Period units usually start to accumulate before the biofix (March 19), whereas degree days usually start to accumulate after the biofix. Both heat sum types accumulate at an increasing rate so that larger daily heat sums occurr near the end of the study. The onset of the accumulation of neither period units nor degree days was a useful point to place the biofix.
predictions based on period units and degree days differed (cf. Figure 6 ).
All three periods of microsporogenesis (i.e., first phase, second phase and total period) in Scots pine were shorter in terms of period units in the north than in the south of Finland. A similar correlation with latitude was also found when the prediction was based on the degree day method, even though the change in the length of the first phase of microsporogenesis from March 19 to tetrads was minimal (Figure 6 ). When the prediction was based on calendar days, both the first part and the total period of microsporogenesis were considerably longer in the north than in the south of Finland; however, the duration of the second phase of microsporogenesis in calendar days was not correlated with latitude.
A comparison of the performance of the three methods was only possible on a day basis. For both the heat sum methods, the predicted day was used as the criterion, whereas no conversion was necessary for the calendar day method. Based on the coefficient of variation, the period unit method was the best predictor for both subphases of microsporogenesis as well as for the total period from biofix to tetrads (Tables 2--4). The degree day method produced less consistent results than the period unit method, performing second best for the initial phase from biofix to tetrads and for the total period. The calendar day method was second best in performance for the phase from tetrads to anthesis, but it was the worst parameter for the initial phase and the total period (Tables 2--4) .
The mean of annual deviations between predicted and observed day is given in Tables 2--4. Ranking the parameters by the mean of annual deviations rather than by the coefficient of variation gave similar results with one exception. For the total period, considering only the accuracy of the forecast and the number of stands, the degree day method outperformed the other methods in terms of mean of annual deviations. However, when the total number of years of study in the stands was considered, the period unit method outperformed the other methods. The mean of annual deviations is a simple unsquared value in contrast to the coefficient of variation, which involves squared terms that tend to amplify the occasional large differences between estimates. Tables 2--4 also demonstrate that the coefficient of variation changed considerably when the units of the heat sum methods were converted to a predicted day basis. The performance of the heat sum methods was apparently inferior when based on the coefficient of variation of the basic data than after conversion to a calendar day basis. Nevertheless, even before conversion of the data, the period unit method was the best measure of the duration of the second phase of microsporogenesis.
Discussion
Placing the biofix on March 19 was justified by the metabolic activity observed in microsporangiate strobilus primordia of Scots pine in Finland (Kupila-Ahvenniemi et al. 1978 , Hohtola et al. 1984 , Häggman 1987 , Häggman 1991 , but it did not account for the inevitable annual variations.
The effects of irradiance were ignored. It is commonly assumed that irradiance effects are not significant for conifers in spring (Mirov 1956 ); however, light is known to affect microsporogenesis in other species (Alnus, Betula) toward the end of the growing season (Luomajoki 1986 ). The thermal effects of direct sunlight (Luomajoki 1977 , Pukacki 1980 were also ignored.
The basic period unit method was a better predictor of both the first and second phases of microsporogenesis than degree days. The success of the curvilinear heat sum method for the second phase can be accounted for by the existence of real phenological observations that precisely define both the onset and the end of the period. The use of the basic heat sum data can be defended on account of its simplicity. Conversion to a predicted day basis compensates for the accelerating heat sum accumulation toward the end of the period under study, thereby making the comparison of parameters more objective. The coefficient of variation can only be used for assessing the parameters when the biofix is the same for all parameters and when the parameters can be converted to a common scale (days in the present case).
The period unit regression (Sarvas 1972) was developed under an assumption of invariability in the rate of development in a range of different tree species in the boreal zone. The shape of the regression was derived from forced experiments with meiosis in aspen (Populus tremula L.) and the opening rate of birch catkins (Betula pendula Roth, B. pubescens Ehrh.). Sarvas (1972) also applied period units to the measurement of development rate in conifers, and tested the model with two species of Larix for the temperature range from 0.3 to 9.6 °C.
I compared the regression developed by Sarvas (1972) with Wilson's (1959) early results and found close similarities in the lower parts of the two curves ( Figure 7 ). Wilson's (1959) method was inaccurate for the shortest durations of meiosis, so the upper part of the curve is the least reliable. Generally, the largest differences among curvilinear regressions of this kind occur at the upper inflection of the curve. The climate in Finland is variable, and long cold or warm periods occur. In an exceptionally cold or warm year, heat sum methods will be better predictors of a developmental process than calendar days. Nevertheless, even sophisticated heat sum methods cannot fully compensate for the effects of extremes in weather (cf. Luomajoki 1984 Luomajoki , 1993a .
The results indicate that the performance of the different methods depended on the stage of development under study. This confirms Wang's (1960) conclusion that the thermal reactions of plants vary with phase of development and indicates that the homogeneity condition for successful simulation of development set by Sarvas (1977) is not met. Although temperature dependency of a developmental process may change with time, curvilinear heat sums have a potential advantage over linear heat sums if properly used. Furthermore, curvilinear heat sums can now easily be computerized. Although the degree day heat sum method was a poor predictor of the duration of microsporogenesis, it is better to apply the degree day method for forecasts rather than to depend on calendar time only, because the degree day method accounts for climatic extremes. Because variation of point events tends to increase with time (Sarvas 1972) , the variation at meiosis should be less than at anthesis. Figures 2 and 3 demonstrate that this is so, although atmospheric factors can slow down anthesis and thus amplify the apparent variation. Sarvas (1967 Sarvas ( , 1972 concluded that variation during a developmental process remains at 6% of the coefficient of variation as a result of the simultaneous growth of the standard deviation and the mean. For the four point events shown in Figures 2 and 3 , the CVs ranged from 7.1 to 12.9%. Figure 7 . The rate of development on temperature during the 'active period' (Sarvas 1972 ) compared with Wilson's (1959) results from the progress of the meiosis in Endymion. The regressions were made to unite at 10 °C after calculating the relative rates of development from Wilson's data (circles; curve-fitting by the author). The regression of Sarvas (line of dots) is shown without observed data. Note the lower inflection (toe or foot) and the upper inflection (shoulder). The ordinate gives the rate of development in period units (Sarvas 1972) .
